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SUMMARY

The volumes of Chinese hamster V279-171b multicellular spheroids grown
in spinner culture were measured and correlated to DNA distribution and
cell volume distribution information. Spheroid growth curves were obtained
over a 21 day period using both eléctronic cell volume measurements and
ricroncope micrometer sizing. The spheroids were collected from the
apertur'e tube after electronic sizing, and single cell suspensions wera
preparea via trypsinization. Saline-washed cells were then stained with
mithramycin and analyzed as unfixed or ethanol-fixed cells for both cell
volume ana DNA fluorescence measurements. JSpheroid growth was determined
to have an initial 3 to 9 day rapid growth phase, and - slow phase from 10
to 21 days. The single cell volume distributions of cells obtained from
spheroids were dependent on spheroid volume and tha relative proportions of
small volume noncycling cells to large volume cycling cells comprising the
spheroids were also uspendent on spheroid volume. DNA distribution data
and dual parameter DNA distribution cell volume contour patterns obtained
for single cella dissoclated from sphercids were closely related to the
measured spherold volume and revealed that the fracticn of small, hypoxia

Go-like cells was greatest in oid, large spheroids.

Indexing Terms: Spheroids, Cytokinetic, Flow Cytometry, DN/ Distributions,

and Cell Volume,



INTRODUCTION

Tumor growth and delay measurements as well as cell-cycle measurements
have been widely used as tumor biology endpoints (22,24,8). A better
understanding of tumor kinetics might result from detailed correlative
information for tumor growth dynamics i relation to cell-cyecle kanetic
properties of subpopulations comprising the tumor.

Multicellular spheroids are of intermediate complexity, between in
yitro monolayer cultured cells and subclinical size jin vivg nodular tumors
or early metastatic foci. Spheroids are comprised of nheterogeneous sub-
populations (6,7) and provide a useful cell system for studying growth
dynamics by electroric volume ‘2) (i.e., Coulter principle) and for
monitoring the cytokinetic DNA distribution and cell volume distributions
of cells which comprise the spherolids. To date, electronic cell volume,
enumeration and sizing (2) of single mammalian cells have been extensively
used and the underlying theory described (1,2,12,25,26). Conventional
Coulter-type apertures having 10 to 2000 u dia. orifices are available for
sirgle cell and large particle sizing (14). Various reports have described
the usefulneas of measuring cell voluuwe in relation to cell-cycle
information either separately (13,16,19,29) and in coincidence with other
parametors (4,11,20,23,28).

In the present report, the growth of V279-171b Chinese hamster lung
multicellular spheroids were studied and norrelated with flow cytometric
measured cell-cycle DNA distributions and cell volume distributiona for
single cells comprising the spheroids. The purpose was: first, to usae
electronic volume of spheroids as an accurate measure of spheroid voltume

for desaribing spheroid growth curves; and second, to directly correlate



spheroid volume with the single cell DNA distributions and cell volume

distributions for cells comprising the same spheroids.



MATERIALS AND METHODS

Growth of Mullticellular Spheroids

Chinese haL...er lung cells (V279-171b) were grown as monolayer cul-
tures using basal medium/Eagle (BME) plus 15% fetal calf serum (FCS).
Spheroid cultures were prepar;d by seeding freshly trypsinized cells into
BME plus 5% FCS at a concentration of 1.5 x 10u cells/ml as previously
described (7). Routinely, spheroid cultures were maintained for 21 days

and aliquota of suspended spheroids were sampled at various times starting

at day 0.

Morphology and Microacopic 3izing of Spheroids

Freshly harvestcd V279-171b spheroids were gently washed in 5°C
physiological saline, and either supravital-stalned for 5 min. wich
0.1 mg/100 ml acridine-orange (Basic Orange 14, Matheson, Coleman, - 1
Bell, Norwood, Ohio), or with mithramycin (3). The morphology of freshly
stained spheroids was examined by fluorescence microscopy, and size
measurem~nts were made using a caliorated eye-piece micrometer. Tiese
measuremants werc then compared statistically to the elactronic volume

measurements.

Elect {c (Coulter) Vol M ! £ Scheroid
Electronic volume measuraments of intact multicellular spherouids wers
obtained from freshly harvested spheroids which had been cultured four
varying periods ranging from 0 to 2! rlayy. Spheroids nuspended in saline,
were hydrodynamically focused through an aperture (Coulter Electronics,

Inc.. Hlaleah, Florida) with a 1000 p dia. sapphire orifice. The focusing



tube consisted of a T-cm long stainless steel tube (i.d. 2.6 mm) with a
press-fit Rexolite plastic (Polymer Corp., Reading, Pennsylvania) 800 u
dia. orifice, mounted on an X, Y, Z micromanipulator (Fig. 1).

Signals arising from spheroids passing through the orifice were ampli-
fied using a standard LASL designed electronic amplifier circuit (28) as
illustrated in Fig. 1. The amplitudes of the long analog signals (100 to
250 u sec. rise times) were captured by a gated peak sense-and-hold circuit
(28). Each signal amplitude was hel& some 50 p sec. and a short portion of
this held signal (approx. 10 u sec. wide pulse) was gated out in order to
provide a rectangular pilse shape and pulse duration that the analog to
digital converter (ADC) would accommodate. Each pulse was then digitized
by a Northern Scientific model 623 ADC. The digitized data were stored
using a Northern Scientific model 636 pulse height analyzer (PHA) linked to
a LSI-11/2 microprocessor (Digital Equipment Corporation (DFC), Maynard,
Massachusetts), which features several peripheral devices including:
graphics terminal; dual floppy disc: and hard copy. The software operating

aystec was RT-11 version 3B (DEC).

Multiparameter Flow Cytometric Measurementa of Single Cells
Spheroids were collected from the aperture tube immediately after
sizing, and single cell suspensions prepared by trypsiniza.ion, followed by
two saline washes at 5°C (10 min, 800 rpm centrifugation, each wash). The
dissociated spheroid cells were subsequently anaiyzed as either unfixed

cells stained for 5 min with mithramycir in saline or as ethanol fixed
cells (2-3 hr fixation, followed by a saline wash prior to staining with
mithramycin) usin« mithramycin concentrations similar to that previously

described (3). Thase mithramycin-stained cells were then analyzed on the



Los Alamos Computer-Based Multiparameter Cell Sorter (17) with laser
excitation at 457.9 nm. The flow cytometric data acquisition and display
programs used have been reported (21). DNA distributions were determined

by means of computer programs described previously (5,9).



RESULTS

Spheroid Morphology and DNA Fluorescence Staining Properties

Chinese hamster lung multicellular spheroids (V279-171b) growing in
spinner culture for 0 to 21 days were studied using fluorescent microscopic
examination of wet-mount preparations of unfixad spherolds stalned with
either acridine-orange or mithramycin. Detailed cytological and
morphological cnaracteristics were readlly evident using 300 to 500 nm
broad band execitation and a 530 nm barrier filter. A-~0 stained spheroids
displayed differential green nuclear fluorescence and orange to red
cytoplasmic fluorescence (Fig. 2). Interphase and mitotic phase cells were
readily distinguishable upon examination by oil immersion microscopy.
Mithramycin-stained spheroids showed comparable cytological detail, but
were not used for micrometer sizirng due to rapid fluorescence fading.
Comparison of the mithramycin staining properties of V279-171b cells
indicated that the emission spectra were similar for unfixed and
ethanol-fixed cells. More importantly, the DNA fluorescence per cell
detectable by flow cytometry were comparable for unfixed and ethanol-fixed,
saline washed cells. Therefore, essentially the same DNA distributions
could be obtained with unfixed as with .Jixed cells (10).
The main difference observed has been that tLhe mithramycin-binding
equilibrium time i3 longer for unfixed V279-171b cells (approx. 3 to 4 min)
than for othanol-fixed saline washed cells (approx. § 1 min) as described

in serar..e studies (15).



Soherqid Volume in Relation to DNA Distribution and Cell Volume
Distribution

Spheroid electronic volume distributions were obtained at various
times during the twenty-one day culture period using the instrument shown
in Fig. 1. Figure 3 provides an example of the long analog pulses detected
(100 to 250 u sec. rise times) for spheroids together with a volume
distrihution curve obtained for 14 day old spheroids {mean diameter from
micrometer measurement of = 512 yu). Immediately after each spheroid sample
volume measurement, sedimented spheroids were collected from the apertur.
tube and dissociated into single cells via trypsinization for flow
cytometric analysis. The results for spheroid volume measurements together
with the DNA distributions obtained for the single cells from these same
spheroids are shown in Fig. 4. The data f Fig. 4 represent one of two
replicate experiments (7 sample periods per experiment with triplicate
samples for each period) with the same results. 7The spheroid volume curve
(dashed line, Fig. 4) describes Gompertzian growth dynamics (18), with a
rapid growth phase the first 8 to 9 days followed by a slow growth phase
from 10 tc 21 days. Statistical comparison of the micrometer and
electronic spheroid volume estimates indicated reasonable agreement (p =
0.05).

The DNA distributions of spheroid cells were characterized by a rapid
decrease in 3 and GZM cells during the first 8 to 10 days followed by a
relatively stable pcriod from 10 to 21 days (Fig. y),2 Single cells
transferred to spinner cultures on day O had DNA distributions of Go/Gi =
22 to 23%, S = 63 to 65%, and G,M = 10 to 11%. By day 10, some 21-23% of

the spheroid cells were in S-phase, about 65% in Go/G and 9 to 10% in G2M‘

1
There was little change from day 10 to day 21. The time-dependency for

10



spheroid DNA distribution changes in relation to cell volume distribution
changes were evident in duzl parameter contour and isometric displays
obtained for each of the seven sample periods from day 0 to 21 (e.g see
Fig. 5). The decrease in the S and G2M cycling cells evident during the
first 10 day culture period occurred concommitant with a build-up in the
proportion of small volume cells having GO/G1 DNA fluorescehce

(Fig. 5). Table 1 shows the estimated cycling fractions (i.e., Gy, +S + Gy
+ M) for cells from spheroids having different volumes (i.e., times in
culture)., With time, the gé%y%;géfkiratio increased, particularly during
the first 10 day culture period, e.g., from 0.32 at day 0 to 1.86 at day
11. This reflects the build-up of small volume, noncyecling hypoxic and
nutrient deficient Go-like cells in the gpheroids, as does the ratio of
estimated cyeling fraction to spheroid volume (Table 1).. For compariscn,

published mitotic indices and 3H-TdR labeling indices data for the same

spheroid line (7) are also shown in Table I.

aThe cell dissociation method used (6,7) yielded consistent results which
were considered to be repr;sentative of the intact spheroid population.
Experiments are in progress to further test whether or not spheroid
trypisiaization yields single cell preparations having noncycling and
cyeling cells in total agreement with 3H-thymidine and 1251—1dodeoxyuridine

radiotracer kinetic and autoraciographic labeling data.

M



DISCUSSION

The results demonstrate the use of electronic volume measurement for
multiceilular spheroids. Statistically accurate (p < 0.05) volume
measurements of Chinese hamster V279-171b multicellular spheroids were
obtained for growth descriptive analysis (e.g., see Fig. 3). Spheroid
volume and growth dynamics were compared with DNA distribution and cell
volume distribution data obtained from the cells whlich comprised the same
spheroids. As the spheroids grew larger, there was a concomitant increase
il tne proportions of cells having small cell volume and GO/G1 DNA fluor-
escence. This build-up of (presumably) noncycling cells was shown to be
related to a decreased'spheroid growth rate based on the spheroid
electronic volume measurements (see Fig. ! and Table 1). By utilizing DNA
distribution data togcther with a few reasonable assumptions (footnotes of
Table 1), the cycling cell fractions for spheroids of different volumes
were estimated. For example, cycling fraction values of 0.69 and 0.U41 were
obtained for V279-171b spheroids sampled at 0 and 18 days in culture

respectively (Table 1). Our cycling fraction estimates were in good

acreement with previously published mitotic indices and 3

H-TdR labeling
data for the rame spheroid line (7).
Achievement of accurate resistaiice~-charge pulse amplitude sensing as

in the present study (or pulse-shape measurements) for spheroids depends on
several basic factora. Unlike single cells, spheroids tend to settle-out
of suspension; hence ntirring and hydrodynamic focusing are required. We
used clectrolyte flow through the scensing apertures to forus the spheroids
emerging from a focusing tube. Hydrodynamic focusing was utilized to

minimize edge effects in the electric fleld and was similar {n nature to



the app.ovach described by Spielman and Goren, 1968 (27) for analyzing
plastic microsphercs. Since spheroids grow to large volumes (e.g., 5 x
10‘7 u3), the volume-to-orifice diameter is more critical when measuring
spnercias than when sizin: single cells (12,25,26). A 1000 u dia. orifice
was used in the this study, but we plan to employ a 2000 u sapphire orifice
with additional sheata flow in future studies to improve signal quality.

To accoamodate the unusually long anaicg pulses of up to 250 u sec. rise
time, a gated peak sense-and-hold circuit compatible with the ADC was used.
Direct correlation of spherocid volume information with flow cytometric
parameters requires analysis of single cells. This was accomplished by
gently "trapping" spheroids after electronic sizing by inserting a nylon
‘'mesh into the top of the aperture tube and pipetting the sedimented
spheroids out of the tube at the enu of each run. The harvested spheroids
were then t-ypsinized into single cells, which were furtaer analyzed for
cell volume and DNA distribution information.

Spheroid volumes were es“imated in the present studv >y gated pulse
amplitude measurement, which is generally but not always independent of
particle shape, nrientation, and density (2,12,%4). Comparison of the
spheroid electronic volume data with volume estimates obtained from
two=aimensiocnal microscopic micrometer measurements indicated that the two
different methods agreed at the p < (.05 statistical level. In terms of
future developments, it would be worthwhile to use other techniques to
obtain spheroid volume information, e.g., pulse-rise time, pulse-width and
integrated pulse sensing from the electronic signala; or pulse-rise time,
and time-of-flight measurements, using light scatter and fluoresacence

signals from a laser-based flow cytometer. Finally, this method haa

potential for assessing chrimical or physical agent-induced alterattons tin

13



spheroid growth. In addition, it should be feasible tc study the changes
of spheroid subpopulations, (e.g., noncycling vs cycling cells in relation
to spheroid growth state or response to therapy), with more definitive

analytical confidence than possible with present-available techniques.

14
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Table 1. Estimated cycling fraction®for V,79-171b spheroids based on
flow cytometr%c DNA fluoreicence data. Previously published mitotic
indices and “H-Thymidine("H-TdR) auroradiographic labeling data(Durand,
1976, ref. 6) are also shown for comparison.

Flow Cytometric Measurements Durand(1976)
Time in Culture _Eg;tfi_ Estimatedb Estimated Cycl%ng Fract.
(days) S + GZM Cycling Fract. (M.I.) ("H~TdR)
0 0.32 0.99 1.05 0.99
1 0.45 0.88-0.90 0.93 0.93
3 0.79 0.71-0.72 0.75 0.72
6 1.22 0.59-0.060 0.66 0.62
11 1.86 0.45-0.46 0.46 0.55
18 2.22 0.39-0.40 0.40 0.44
z! 2.33 0.38-0.39 -—- -

Agsumptions:
l.Go- 0.0l at t=0 day (8).
2.Rate of cell-cycle traverse constant at t=0 to 21 day«s (6).

V.The fraction of cells 1in G, increades und decreases proportilonally
with the fraction of cells In S plus GZM phades, where-

' ol(to)

-S(cO) + uZM(tO)

: 8¢ ;
(l(t) X (¢ ) + (2M(c )



Fig. 1.
Fig. 2.
Flg. 3.

Electrcnic volume measurements of multicellular spheroids. (A)
Diagramatic illustration of the Coulter aperture (Ap) and
hydrodynamic focusing tube, (FT) and micromanipulator (X,Y,Z),
with spheroids passing throug.: the 120U u orifice ard collecting
at the bottom of the aperture tube. (B) block diagram of the
electronic volume -~ircuitry. The long analog pulses were

processed by a gated peak-sense and hold circuit, then digitized

for pulse-helght analysis.

Photomicrographs of fluorescent, acridine-orange stained V2794171b
Chinese hamster lung multicellular spheroids. (A) Single cells
obtained via trypsinization from the spheroids shown in B and C.
(B) Lew power view of 14 day cuitured sphuroids. (C) Higher power

view of one of the spheroids, showing cells in the cuter region.

Coulter volume distribution of V279-171b Chinese ham.ter lung
multicellular spheroids cultured for 14 deys. The errour limits
shown (0) rer: esent statistical standard deviations. Inse:t
(upper trace) an oscillosocpe trace of a spharoid Coulter volume
pulse (approx. 250 u sec. rise time) and (lower trace) the

corresponding gated peak rsnse-.nd-hold pulse.

19



Fig. 4.

Fig. 5.

Time-dependency curves for V279-171b Chinese hamster lung
multicellular spheroid electronic volume and DNA distributions for
c~lls disscciated from the same spheroids. Dashed lines (=-=)
represent the Gompertzian sphz2roid growth curve obtained by

plotting the electronic volwmes of sphercids cultured from 0 to o1

days. Solid lines (- ) show representative mithramycin flow
cytometric DNA distribution data obtained for single cells

digsociated from these spheroids.

Time~dependency for the DNA distributions and electronic cell
volume distributions of single cells obtained from V279-171b
Chinese hamster lung multicellular spheroids. The dual parameter
DNA fluorescence/electronic cell volume dala are plotted for
50,000 unfixed, mithram,cin-stainad cells, obtained from
apheroids sampled at U, 10, and 21 days in culture. (Left)
contours are plotted at elevations of 25, 50, 100, 200 and 500

cells. (light) isometric plots of the same data.
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